Mice lacking the gene encoding poly(ADP-ribosyl) transferase (PARP or ADPRT) display no phenotypic abnormalities, although aged mice are susceptible to epidermal hyperplasia and obesity in a mixed genetic background. Whereas embryonic fibroblasts lacking PARP exhibit normal DNA excision repair, they grow more slowly in vitro. Here we investigated the putative roles of PARP in cell proliferation, cell death, radiosensitivity, and DNA recombination, as well as chromosomal stability. We show that the proliferation deficiency in vitro and in vivo is most likely caused by a hypersensitive response to environmental stress. Although PARP is specifically cleaved during apoptosis, cells lacking this molecule apoptosed normally in response to treatment with anti-Fas, tumor neurosis factor ␣, ␥-irradiation, and dexamethasone, indicating that PARP is dispensable in apoptosis and that PARP−/− thymocytes are not hypersensitive to ionizing radiation. Furthermore, the capacity of mutant cells to carry out immunoglobulin class switching and V(D)J recombination is normal. Finally, primary PARP mutant fibroblasts and splenocytes exhibited an elevated frequency of spontaneous sister chromatid exchanges and elevated micronuclei formation after treatment with genotoxic agents, establishing an important role for PARP in the maintenance of genomic integrity.
NAD
+ :protein (ADP-ribosyl)transferase (polymerizing) (PARP or ADPRT, EC 2.4.2.30) is an abundant, chromatin-associated protein, which is highly conserved and present in most eukaryotes except yeast. In response to DNA damage caused by environmental genotoxic agents and endogenous cellular reactions, PARP binds rapidly to DNA strand breaks and catalyzes the transfer of ADPribose from its substrate NAD + to a number of nuclear acceptors, mainly to itself (for review, see Althaus and Richter 1987; de Murcia and Menessier-de Murcia 1994) . Poly(ADP-ribosyl)ation is thought to play a multifunctional role in numerous cellular processes including proliferation and replication, stress response, cell toxicity and apoptosis, DNA repair and recombination, as well as the maintenance of chromosomal stability (for review, see Lindahl et al. 1995; Shall 1995) .
Given the characteristic feature of the binding of PARP to DNA ends in response to DNA damage, much effort has been made to understand the role of PARP in cell death and apoptosis. Cells treated with inhibitors of PARP have been reported to become resistant to various genotoxic agents, such as UVB-and ␥-irradiation, tumor necrosis factor (TNF), alkylating agents, and free radicals (Malorni et al. 1995; McGowan et al. 1996) . In contrast, other studies showed that inhibition or a dominantnegative mutation of PARP sensitizes cells to cell death induced by oxidative stress, alkylating agents, ␥-irradiation, or heat shock (Nosseri et al. 1994; Kü pper et al. 1995; Schreiber et al. 1995; Shah et al. 1996) . Although results obtained from these studies are contradictory and the mechanisms involved in such processes are complex, the function of PARP is well documented in free radicalinduced cell toxicity in neurons and pancreatic islet cells (Zhang et al. 1994; Heller et al. 1995) .
The association of PARP function with cell death is inferred from recent studies demonstrating that PARP is rapidly and specifically cleaved during apoptosis (Lazebnik et al. 1994; Nicholson et al. 1995; Tewari et al. 1995) . Apoptosis is a highly conserved mechanism that is controlled by a hierarchical set of genes including mammalian homologs of the Caenorhabditis elegans genes, such as ced-3, ced-4, and ced-9. ced-3 is related to a family of mammalian cysteine proteases, called interleukin-1␤-converting enzyme (ICE)-related proteases or caspases, that have been identified recently as the central players of apoptosis. PARP has been proposed to act as a critical death substrate, because it is rapidly cleaved by caspase-3/CPP32/Yama/apopain, a mammalian ICE-related protease involved in apoptosis (Nicholson et al. 1995; Tewari et al. 1995) . Following induction of apoptosis by TNF or agonistic anti-Fas antibodies, CPP32 is rapidly activated, resulting in PARP cleavage into 85-and 29-kD polypeptides (Enari et al. 1995; Los et al. 1995; Nicholson et al. 1995; Tewari et al. 1995) . CPP32 activation and subsequent PARP cleavage have also been observed during cell death induced by various other apoptotic stimuli, such as chemotherapeutic drugs, ␥-irradiation, and viral infection (for review, see Patel et al. 1996; Nagata 1997) . However, the physiological relevance and functional consequences of PARP and its cleavage in apoptosis have not yet been addressed.
Numerous studies suggest a role for PARP in DNA repair and recombination as well as the maintenance of genomic stability. Poly(ADP-ribosyl)ation modifies various nuclear proteins, including histones, lamins, topoisomerases, and DNA polymerases (see Althaus and Richter 1987) . Upon genotoxic damage, PARP is activated and binds to interrupted DNA strands, and following subsequent automodification, PARP is released from DNA. This event permits access for other components of the DNA repair machinery and thereby may prevent unwanted recombination (Satoh and Lindahl 1992 ; for review, see also Lindahl et al. 1995; Shall 1995) . A role for PARP in DNA end binding and rejoining has been demonstrated by studies in which cells treated with PARP inhibitors display an impaired ability to rejoin DNA strand breaks (Ding et al. 1992) and to integrate foreign DNA into their genome (Farzaneh et al. 1988; Gä ken et al. 1996) . The same treatment, however, facilitates immunoglobulin class switching in B lymphocytes (Shockett and Stavnezer 1993) . In addition, inhibition of poly(ADP-ribose) synthesis, by either enzyme inhibitors or a dominant-negative mutation, results in an increase in recombination frequency and genomic instability (Waldman and Waldman 1991; Schreiber et al. 1995) . Further support for a role of PARP in maintaining genomic stability stems from studies using 3-AB, which increases micronuclei formation in response to various DNA damaging agents (Catena et al. 1994; Steirum et al. 1995) .
To define the biological function of PARP, we generated mice lacking the molecule using homologous recombination . Our previous study showed that although young PARP−/− mice display no phenotypic abnormalities, older mice originating from a mixed genetic background (129/Sv × C57BL/6) are susceptible to epidermal hyperplasia and obesity . Although embryonic fibroblasts isolated from mutant mice exhibit normal excision repair of damaged DNA following treatment with UV irradiation and alkylating agents, they proliferate more slowly in vitro than wild-type controls. In the present study we further investigated the function of PARP in stress response, apoptosis, and DNA recombination, as well as genomic stability.
Results

PARP depletion results in impaired cell proliferation in vitro and in vivo
We reported previously that primary wild-type and heterozygous (PARP+/−) cells exhibit no difference in their proliferation and that homozygous mutant (−/−) fibroblasts grow more slowly than their wild-type controls, although all three genotypes are morphologically indistinguishable . Cell cycle analysis revealed a normal distribution of cells in different cell cycle phases and showed no differences in cell cycle entry and progression (data not shown; Agarwal et al. 1997 ). Because PARP has been shown to play a role in stress responses, we reasoned that this proliferation deficiency might be attributable to an enhanced stress response to the in vitro culture. Cells were challenged in culture by increasing temperature from 37°C to 39°C. When primary embryonic fibroblasts from the three genotypes were cultured at 37°C, PARP mutant cells grew more slowly compared with wild-type (not shown) and heterozygous (+/−) controls (Fig. 1A) . Raising the culture temperature to 39°C resulted in slower cell proliferation in all genotypes, but the rate of growth reduction was more pronounced in PARP−/− fibroblasts than in normal controls (Fig. 1B) . To investigate whether the apparent growth deficiency of PARP−/− fibroblasts was attributable to a lack of soluble factors and thus could be rescued by factors secreted from wild-type cells, we mixed wildtype and mutant primary fibroblasts at passage 2 at 1:1 ratio and cultured them at 39°C. The proliferation capacity of each genotype was monitored by genotyping genomic DNA extracted from the co-culture mixtures at different passages. The ratio of PARP−/− to wild-type cells decreased over the course of the culture as depicted by the intensity of the bands on a Southern blot (Fig. 1C) . These results indicate that mutant fibroblasts are hypersensitive to heat stress and that this defect cannot be corrected by factors secreted from or by contact with wild-type cells.
Although PARP−/− fibroblasts proliferate more slowly in culture, mutant embryos develop normally and show no difference in body size compared with wild-type and heterozygous littermates Z.-Q. Wang and E.F. Wagner, unpubl.) . To further investigate whether the impaired proliferation of mutant cells could be observed in vivo, we devised an in vivo proliferation assay ( Fig. 2A) . To this end, wild-type (+/+) morulae were aggregated with mutant (−/−) morulae and cultivated to the blastocyst stage before implantation into foster mothers. To avoid the possible influence of variations in genetic background, all donor embryos used were derived from the same mouse family. The proliferation status of mutant cells in the context of the whole embryo was reflected by the contribution of mutant (−/−) cells to various organs as visualized by quantitative Southern blot analysis of genomic DNA ( Fig. 2A ; see also Materials and Methods). After aggregation and transfer, 21 E17.5 fetuses were obtained and 8 tissues were dissected from each embryo for DNA analysis. Apart from two fetuses that were completely derived from PARP−/− morulae, 19 embryos exhibited variable but underrepresented contribution from −/− cells (0%-50%) in their organs (Fig. 2B ) compared with the theoretical contribution from both origins, which should be equal if these cells have no defect in proliferation. Because these organs are derived from different developmental germ layers, the reduced contribution is not specific for a particular cell type but rather reflects a general defect caused by PARP deficiency. Thirteen chimeric fetuses generated from aggregation of wild-type (+/+) and heterozygous (+/ −) morulae exhibited equal contribution of both cell origins in eight organs analyzed (data not shown). These results demonstrate that PARP−/− cells participate less efficiently in embryonic development when they encounter wild-type cells. Taken together, data from in vitro and in vivo experiments indicate that cells lacking PARP are more sensitive to environmental stress and are at a disadvantage when competing with wild-type cells in a given cellular compartment.
TNF␣ and anti-Fas antibody induce apoptosis in PARP−/− cells
The proliferation defect in PARP−/− cells may be caused by altered apoptosis response, because PARP has been shown to be an apoptosis-relevant substrate for CPP32 and other ICE-related proteases during apoptosis. To Function of PARP in apoptosis and genomic stability study the functional importance of PARP during apoptosis, we investigated the sensitivity of PARP−/− fibroblasts toward apoptosis induced by TNF and Fas receptor ligation. Primary fibroblasts were first sensitized by actinomycin D and then treated with different concentrations of TNF or agonistic anti-Fas antibodies. The proportion of dead cells from all three genotypes was similar and increased with increasing concentrations of the apoptotic agents (Fig. 3A) . More than 90% of cells from all three genotypes died at a concentration of 800 IU/ml of TNF, and more than 80% of cells died at a concentration of 1000 ng/ml of anti-Fas. Western blot analysis of extracts from these cells showed that PARP was cleaved in wild-type (+/+) and heterozygous (+/−) cells after treatment with anti-Fas antibody or TNF (Fig. 3B) . Interestingly, there was no reduction of PARP at the protein level in heterozygous samples compared with wild-type samples (Fig. 3B) . Furthermore, the absence of PARP protein in mutant cells was noted, which confirms a null mutation at the PARP locus (Fig. 3B) . The cell death induced by TNF and anti-Fas was through a programmed cell death pathway as revealed by the appearance of characteristic DNA ladders in all DNA samples (data not shown). TNF and anti-Fas induced apoptosis was also confirmed by an ex vivo study where lymphocytes freshly isolated from spleens and lymph nodes of different genotypes underwent apoptosis at the same efficiency (data not shown). These results clearly demonstrate that the absence of PARP does not interfere with the apoptotic process and, moreover, that the cleavage of PARP is not a signal triggering downstream apoptotic events.
PARP−/− thymocytes undergo normal apoptosis induced by ␥-irradiation and dexamethasone
Because PARP is activated by DNA breaks and is thought to be involved in repairing double-strand breaks (DSBs) we investigated the sensitivity of cells of mice lacking PARP to ionizing radiation. Thymocytes were prepared from 6-week-old mice and exposed to different doses of ␥-irradiation. After 24 hr, cells were stained with propidium iodide and their viability determined by flow cytometry. The percentage of nonviable cells in each population was normalized to that of untreated cells of the same genotype. Thymocytes from all three genotypes exhibited a similar profile of cell death in a dose-dependent manner ( Fig. 4A ; +/− not shown) and >80% of cells died at doses of 5-7 Gy. Following exposure to 5-Gy irradiation, we checked cell viability at different time points and found that the kinetics of cell death were similar between wild-type and mutant cells (Fig. 4B ), indicating that PARP−/− thymocytes have normal sensitivity to ionizing radiation. Furthermore, there was no difference between PARP−/− and wild-type littermates in their short-and long-term lifespans following 4.5-Gy ␥-irradiation (data not shown; see also Wang et al. 1995) . These results demonstrate that the lack of PARP has no direct effect on thymocyte repair of DSBs induced by ␥-irradiation nor is PARP an essential molecule in the ␥-irradiation-induced apoptotic pathway. An alternate apoptotic pathway was also examined in thymocytes by treating cells with the glucocorticoid dexamethasone, which is believed to activate endonucleases Function of PARP in apoptosis and genomic stability leading to the DNA fragmentation (Walker et al. 1991) . Again, we found the same kinetics and magnitude of cell death in all three genotypes, indicating that PARP is not involved in apoptosis induced by this agent (Fig. 4C) .
PARP−/− splenocytes carry out normal immunoglobulin class switch and V(D)J recombination
Both immunoglobulin heavy chain isotype switch recombination and V(D)J recombination in lymphocyte development involve DNA breakage and rejoining, processes believed to activate PARP. Therefore, we examined these processes in PARP−/− lymphocytes. Freshly isolated splenocytes were treated with bacterial lipopolysaccharide (LPS) and transformation growth factor ␤ (TGF␤), and immunoglobulin heavy chain isotype switching to IgA was determined by flow cytometry using antibodies against B220, a pan B cell marker, and IgA. No difference was observed in the number of IgA-positive cells derived from wild-type and PARP−/− mice after stimulation (Fig. 5) . Similar results were obtained when cells were costained with anti-IgM and anti-IgA antibodies (data not shown). These results indicate that the absence of PARP does not affect class switch recombination.
We used a PCR-based method (Ehlich et al. 1994 ) to detect V(D)J recombination events in genomic DNA prepared from both wild-type and PARP mutant splenocytes. Analyses of the PCR products by agarose gel and Southern blot showed a normal pattern of V(D)J rearrangements in PARP−/− cells (data not shown). Sequencing analysis of these PCR products showed that 10 of the 15 clones were in-frame and had productive rearrangements (Table 1) . Furthermore, sequence analyses of RT-PCR products using specific T-cell receptor (TCR) ␥ and ␤ primers confirmed that TCR rearrangement had occurred normally in mutant thymocytes (data not shown). These results indicate that lymphocytes lacking PARP can carry out normal immunoglobulin class switching and V(D)J recombination, and, thus, this enzyme is not essential in these processes.
PARP−/− splenocytes exhibit a high frequency of sister chromatid exchange
To further investigate the role of PARP in DNA recombination and stabilization of chromatin structures, we examined the frequency of sister chromatid exchange (SCE) in PARP−/− splenocytes because SCE is thought to be consequence of recombination or recombination repair (Kuzminov 1996) . For scoring SCE, 25-50 metaphase chromosome spreads (∼40 chromosomes per spread) were counted per genotype. One of three independent experiments is presented in Figure 6A . Although the majority of wild-type (+/+) cells contained ∼8 SCEs per genome, PARP−/− cells contained ∼20 SCEs, a two-to threefold increase (Fig. 6A) . When cells were treated with mitomycin C (MMC), a DNA cross-linking agent, the number of SCEs was increased in both wild-type and mutant Sequence analysis of PCR products derived from PARP−/− splenocytes. The conserved cysteine 92 (C92) was used for orientation. Productive (p) nonproductive (n.p.) joints were defined from C92 relative to the J region. splenocytes (Fig. 6A) . The higher spontaneous SCE rate observed in PARP−/− cells indicates that the absence of PARP gives rise to a higher recombination activity in cells, and further suggests that mice lacking PARP have an unstable genome.
PARP mutant fibroblasts contain more micronuclei following genotoxic treatment
To substantiate the role of PARP in genomic stability, micronuclei were enumerated in primary embryonic fibroblasts, as the presence of micronuclei is a biomarker for genomic stability. Cells from three different genotypes were either untreated or treated with ␥-irradiation or MMC. Figure 6B shows a representative result from five independent experiments. In the untreated group, PARP−/− cells contained a slightly higher number of micronuclei compared with wild-type controls; however, the difference was not significant by 2 analysis (Fig. 6B ). After treatment with ␥-irradiation or MMC, the number of micronuclei in both wild-type and mutant cells was increased and under these conditions PARP−/− cells contained a significantly higher number of micronuclei compared with wild-type controls (P ഛ 0.01) (Fig. 6B) . It was noted that the number of micronuclei in heterozygous cells was similar to that of wild-type cells (data not shown). These results further indicate that the lack of PARP or poly(ADP-ribosyl)ation affects the genomic stability of cells following experimental stress.
Discussion
In view of numerous publications that implicate PARP in many cellular processes, such as proliferation, apoptosis, DNA repair and recombination, as well as chromosomal stability, it was surprising that mice carrying a null mutation for this molecule are devoid of severe phenotypic abnormalities and that cells derived from these animals function normally in DNA excision repair. The present study demonstrates that PARP-deficient cells are more sensitive to heat stress and exhibit compromised proliferation ability both in vitro and in vivo. Unexpectedly, embryonic fibroblasts and lymphoid cells display normal apoptotic sensitivity after treatment with various apoptotic agents, indicating that PARP is not required for the execution of the apoptotic program. Primary fibroblasts and splenocytes showed an increased number of spontaneous SCE and elevated micronuclei formation following ␥-irradiation and MMC treatment, indicating a higher rate of recombination or recombination repair in mutant cells and a role for PARP in the maintenance of genomic stability. These results demonstrate that this enzyme functions in many cellular processes, some of which may be dispensable and others in which PARP appears to be essential.
Cells lacking PARP are more sensitive to experimental stress in vitro and in vivo
Our previous study showed that cells lacking PARP exhibited a deficiency in proliferation in tissue culture ). Here we demonstrate that this deficiency is more pronounced when temperature insult is applied, suggesting that mutant cells have an altered stress response. This defect cannot be rescued by co-culture with wild-type cells and, more important, is also evident in vivo when mutant cells are mixed with wildtype cells by embryo aggregation. This is in agreement with previous findings showing that the inhibition of PARP decreases the recovery of cells after oxidative stress and heat shock (Nosseri et al. 1994 ; Shah et al. Function of PARP in apoptosis and genomic stability 1996). These results suggest that cells lacking PARP are hypersensitive to environmental insults and slow down their proliferation. However, we did not observe impaired cell cycle progression and/or re-entry to the cell cycle in mutant cells following serum depletion (data not shown), ␥-irradiation, or addition of adriamycin or other genotoxic agents (Agarwal et al. 1997) . This finding contradicts a recent observation that 3-AB treatment represses G 1 arrest and augments G 2 arrest induced by ␥-irradiation (Masutani et al. 1995) . However, we cannot rule out the possibility that the difference in the cell proliferation curve escaped detection in our cell cycle assays. It is also possible that poly(ADP-ribosyl)ation may be required for DNA metabolism enzymes to become fully active (Simbulan et al. 1993 ). Another explanation for the proliferation defect may be that the increased genomic instability of mutant cells leading to DNA amplification and/or loss of chromatin ( Fig. 6B ; see also Catena et al. 1994; Ding and Smulson 1994; Kü pper et al. 1996) may further contribute to the delay in proliferation. It is surprising that although proliferation deficiency and hypersensitivity to stress appeared in PARP mutant cells in vitro and in vivo, PARP−/− fetuses develop normally in the same litter where wild-type and heterozygous embryos are present. A likely explanation is that there is no direct competition between mutant and wild-type cells within individual embryos in contrast to the competitive situation in aggregation chimeras. Finally, the proliferation defect could not be attributable to the fact that PARP−/− cells are prone to apoptosis because we have not observed higher apoptotic rates in spontaneous culture (data not shown) and these cells exhibit normal apoptotic responses (see below).
PARP is dispensable for apoptosis
Recent studies demonstrated that PARP is cleaved by ICE-related proteases, in particular caspase-3/CPP32, which is activated in cells following treatment with various apoptotic agents. In the present study we show that fibroblasts and lymphoid cells from PARP−/− mice exhibit a normal apoptotic response after treatment with anti-Fas antibody, TNF, ␥-irradiation, and dexamethasone. These results demonstrate clearly that PARP is not an essential molecule in the apoptotic cascade and suggest that PARP cleavage is most likely a consequence rather than an integral component of the apoptotic process. However, it remains unclear why cells cleave PARP during apoptosis. One explanation could be that the cleavage of PARP is a step by which cells committing self-destruction switch off all possible protective mechanisms, including DNA repair. Poly(ADP-ribosyl)ation may be one of these mechanisms because PARP senses DNA strand interruptions and catalyzes poly(ADP-ribosyl)ation upon binding to the breaks, an energy-consuming process, which depletes the precursors of ATP generation (see Zhang et al. 1994) . Early cleavage of PARP and perhaps other DNA end-binding proteins might be required to prevent protection of DNA ends by these proteins in a cell destined for deletion. In agreement with this hypothesis is the observation that DNA-dependent protein kinase (DNA-PK), another DNA break binding protein involved in DNA double-stranded break repair (Jackson and Jeggo 1995) , is also specifically cleaved during apoptosis (Casciola-Rosen et al. 1996; Song et al. 1996) . However, the present study could not address whether the cleavage of PARP or the cleaved fragments play a role in apoptosis because mutant mice carry a null mutation at the PARP locus. To answer this question, we are generating mice carrying a mutant PARP in which the specific cleavage site (DEVD) is altered so that the molecule cannot be cleaved by CPP32 but retains the ability to bind to DNA breaks and catalyze poly(ADPribosyl)ation.
PARP is not essential for DNA double-stranded break repair induced by ␥-irradiation in thymocytes
Our previous study showed that the null mutation in the PARP gene has no influence on excision repair of DNA damaged by UV-radiation and treatment with alkylating agents . The present study further demonstrates that thymocytes lacking PARP are not hypersensitive to ionizing radiation, suggesting that PARP is dispensable for DNA double-stranded break repair induced by ␥-irradiation. These findings are surprising in view of the fact that repression of PARP activity by either inhibitors or transdominant mutations sensitizes cells to ␥-ray treatment (Kü pper et al. 1995) . These results may be a result of nonspecific effects of the chemical inhibitors or cell types used in these studies. It is also possible that the dominant-negative form of PARP binds DNA ends but cannot be released, thereby impeding the access of the DNA repair machinery. Because PARP is absent in our system, the repair machinery can act at DNA ends without interference to fix the lesions.
The lack of PARP does not affect immunoglobulin class switch or V(D)J recombination
Although numerous studies imply a role for PARP in repairing DNA breaks, cells lacking PARP carry out a normal immunoglobulin class switch recombination and V(D)J recombination, processes involving DNA breakage and rejoining. This indicates that either PARP is not involved in these processes or that alternative pathways compensate for the lack of this enzyme. Moreover, other DNA rejoining processes, such as integration of viral DNA into the genome, are also not affected, because no difference in colony formation was observed after retroviral infection into PARP mutant and wildtype fibroblasts (Z.-Q. Wang, L. Stingl, and E.F. Wagner, unpubl.). These results contradict previous findings that pharmacological inhibition of PARP facilitates immunoglobulin class switching (Shockett and Stavnezer 1993) and blocks efficient integration of foreign DNA into the mammalian genome (Farzaneh et al. 1988; Gä ken et al. 1996) . The discrepancy between these results and ours may be attributable to alterations in other cellular processes caused by side effects of the PARP inhibitors or the systems used. Although PARP seems to be dispensable in immunoglobulin class switch and V(D)J recombination, PARP may still be involved in recombination processes by either interacting with other DNA endbinding proteins or acting as an antirecombinogenic molecule. Indeed, a recent study from our laboratory demonstrates that PARP depletion can partially rescue V(D)J recombination blocked in scid mice that is caused by a mutation in the carboxy terminus of DNA breakactivated protein kinase catalytic subunit (DNA-PKcs), suggesting a genetic interaction of PARP and DNA-PK (C. Morrison, G.C.M. Smith, L. Stingl, S.P. Jackson, E.F. Wagner, and Z.-Q. Wang, in prep.).
The role of PARP for other recombination events and in chromosomal stability
Although PARP is dispensable in DNA excision repair, DSB repair induced by ␥-irradiation, immunoglobulin class switch, and V(D)J recombination, splenocytes from mutant mice exhibit elevated spontaneous SCE. Whereas the mechanism involved in SCE is not entirely clear, many studies point to the involvement of recombination or recombination repair in this process (for review, see Shall 1995; Kuzminov 1996) . Because SCE occurs during and soon after DNA replication, it is conceivable that SCE happens when the replication fork encounters unrepaired lesions and affected repair components (Cleaver et al. 1996) . It has been shown that PARP is present in newly replicated chromatin and in DNA replication forks and that chemical inhibition and dominant-negative mutation of PARP stimulates SCE formation following DNA damage (Schreiber et al. 1995) , presumably as a result of inefficient removal of PARP (wild-type or mutant) from DNA lesions. Although our findings seem to be consistent with these results, different mechanisms may be involved because these mice are devoid of PARP. One explanation for our results is that PARP functions as an antirecombinogenic factor at DNA ends, which is in agreement with the model proposed by others, for example, Shall (1995) and Lindahl et al. (1995) . Therefore, our results indicate that PARP plays an important role in genomic recombination and stability. However, the role of this molecule in homologous recombination is not clear. Although chemical inhibition of PARP activity increases chromosomal homologous recombination frequency in mammalian cells (Waldman et al. 1996) , a transient extrachromosomal recombination study showed that PARP−/− cells can efficiently repair a mutated luciferase reporter gene via homologous recombination (Morrison and Wagner 1996) .
High levels of spontaneous SCE and micronuclei in PARP−/− cells after treatment with MMC or ␥-irradiation might also be attributable to a structural function of PARP, because numerous studies demonstrate the nuclear abundance of PARP and its involvement in chromatin conformation. Moreover, many structural nuclear proteins have been shown to be acceptors for poly(ADPribosyl)ation. Further evidence to support the structural functions of PARP in chromatin may be the finding that cells lacking PARP are not more sensitive to genotoxic agents, such as MMC, with respect to the SCE frequencies. However, we cannot exclude the possibility that the increased SCE and micronuclei are attributable not only to the absence of PARP as a structural protein but also to the lack of PARP activity in response to DNA breaks, or the combinatorial effects of both. Nevertheless, elevation of micronuclei numbers following treatment with ␥-irradiation and MMC is consistent with previous findings showing that inhibition of PARP results in increased micronuclei formation (Catena et al. 1994; Steirum et al. 1995) . Taken together, these results demonstrate that PARP plays a role in the maintenance of chromosomal integrity.
Although PARP mutant mice display elevated SCE and micronuclei in response to genotoxic treatment, they never developed malignancies in over 2 years of observation and their lifespans are comparable to those of wild-type and heterozygous controls. This is surprising because micronuclei and SCE are well-known biomarkers for genomic stability that is thought to play a critical role in tumor development. One possibility is that environmental insults do not induce genetic changes that can be fixed by tissues and cells in mice. In fact, we observed normal chromosomal karyotypes and in vivo micronuclei frequency in PARP−/− mice (I.-D. Adler, pers. comm.). Another explanation is that an unstable genome per se may not be sufficient for tumorigenesis. Genetic changes, such as mutations in oncogenes or in tumor suppressors, are required as the ''first hit'' in the process of multistep tumorigenesis, and an unstable genome may then allow the acquisition of subsequent genetic and epigenetic changes necessary for neoplastic transformation. To test this hypothesis, we are introducing genetic predispositions for tumor formation in PARP null mice to analyze whether the loss of genomic integrity can contribute to tumor development.
Materials and methods
Isolation and culture of primary embryonic fibroblasts
Embryonic fibroblasts were isolated and cultured essentially as described previously . All experiments were carried out with cells derived from embryos of the same litter, and two populations of primary embryonic fibroblasts of each genotype at early passages (passages 2-3) were used. All cellculture experiments were performed in triplicate and repeated at least two times. Cells (1 × 10 5 ) were plated into six-well plates in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal calf serum (FCS) and cultured at either 37°C or 39°C in a 5% CO 2 incubator. The medium was changed every 2 days, and cells were counted using a hemocytometer. For the co-culture experiments, passage 2 PARP+/+ and −/− cells were mixed at 1:1 ratio. To monitor the content of cell origins in the culture mixture, DNA was isolated at each passage and subjected to Southern blot analysis. The density of wild-type (4.7-kb) and mutant (1.7-kb) bands after PvuII digestion and hybridization with a specific probe (see Wang et al. 1995) was visualized.
Morula aggregation
For aggregation, embryos at morula stage [2.5 days postcoitum Function of PARP in apoptosis and genomic stability (d.p.c.)] were derived from either PARP−/− or wild-type intercrosses. All parents used were from the same family of mouse colony and of a mixed genetic background (129/Sv × C57BL/6). Zona pellucida was removed by acidic tyrode solution, and one PARP−/− morula was aggregated with one wild-type (+/+) morula in M16 medium in a microdrop culture dish. After 24-36 hr, the aggregates developed to blastocysts that were then transferred into pseudopregnant females. At the embryonic stage E17.5, eight organs were dissected from each fetus and DNA was extracted for Southern blot analysis. To determine the contribution of PARP−/− cells in these organs, the density of wild-type and mutant bands on the Southern blot was visualized and quantified using a PhosphorImager (Molecular Dynamics, Inc.).
Apoptosis induction and assays
Anti-Fas and TNF␣ were used to induce apoptosis in fibroblasts and peripheral lymphocytes. Fibroblasts were treated with different concentrations of anti-Fas antibody (Jo2; Pharmingen, San Diego, CA) or with mouse TNF␣ in the presence of 0.25 µg/ml of actinomycin D. The MTT detection method was used to measure dead cells after 18 hr in culture with DMEM medium (Schulze-Osthoff et al. 1994) . To determine the cleavage of PARP, fibroblasts were treated with either anti-Fas antibody (1 µg/ml) or TNF (40 ng/ml) in the presence of actinomycin D. After 8 hr, cells were lysed by repeated freeze/thaw cycles in 50 mM Tris at pH 8.0, 2 mM MgCl 2 , 2 mM dithiothreitol (DTT), 1 mM PMSF, and 100 µM TLCK. The extracts were subjected to immunoprecipitation with an anti-human PARP antibody (kind gift of Dr. G. de Murcia, Ecole Supérièure de Biotechnologie, Strasbourg, France). After electrophoresis on a 7.5% SDS-PAGE and transfer onto a nitrocellulose membrane, PARP was visualized using anti-PARP antibody followed by enhanced chemoluminescent staining.
␥-Irradiation and dexamethasone treatment of thymocytes
Thymocytes were isolated from wild-type, heterozygous, and homozygous mutant mice at 6 weeks of age and were exposed to different doses of ␥-ray from a dual 137 Cs source (Gammacell 40; Nordion, Kanata, Canada) at a rate of 1.2 Gy/min. Thymocytes were cultivated for 24 hr in Iscove's modified Dulbecco's medium (IMEM) medium containing 10% FCS before staining with propidium iodide (PI) and analysis by flow cytometry (FACScan, Becton Dickinson, San Jose, CA) as described by Wang et al. (1995) . The surviving fraction of cells was calculated relative to the untreated group of the same genotype. In a separate experiment, thymocytes were irradiated with 5 Gy and then cultured for various periods followed by staining with PI to determine the fraction of dead cells. For dexamethasone treatment, freshly isolated thymocytes were incubated with a final concentration of 1 µM dexamethasone and cultured for different periods before PI staining and FACS analysis.
Induction of immunoglobulin class switching
Total splenic cell suspensions were prepared and erythrocytes were lysed. Lymphocytes were resuspended at 1 × 10 6 /ml in DMEM medium (day 0). For each experiment, 4 × 10 6 cells were stimulated with Salmonella typhimurium lipopolysaccharide (LPS) (Sigma, St. Louis, MO) at 20 µg/ml. To induce class switching to IgA, human TGF␤1 (Genentech, San Francisco, CA) was added to the medium to a concentration of 2 ng/ml and added daily until day 4 when cells were analyzed. Cells were washed and resuspended in PBS containing 3% FCS. Cells were costained at 4°C using goat anti-mouse IgA conjugated with R-phycoerythrin (PE) (Harlan Sera-lab, Crawley Down, UK) and rat anti-mouse CD45R/B220 conjugated with fluorescein isothiocyanate (FITC) (RA3-6B2; Pharmingen), or goat antimouse IgM-FITC (Harlan, Sera-lab). After staining, cells were analyzed by flow cytometry.
V(D)J recombination assay
The immunoglobulin V(D)J recombination assay used in this study was based on the method described by Ehlich et al. (1994) . Briefly, DNA was prepared from spleen and brain (as a control) and amplified by PCR reaction (see Wang et al. 1992 (J H 4A) -GGGTCTAGACTCT-CAGCCGGCTCCCTCAGGG-. Reaction products from amplification with V H A and each of the J H primers were purified by Wizard PCR Prep (Promega, Madison, WI) and subcloned into pT7Blue T-vector (Novagen, Madison, WI). Plasmids containing insert were sequenced using an automatic sequencer (model 377, Applied Biosystems, Foster City, CA). Sequences were analyzed by comparison with those published (Kabat 1991) . Productive and nonproductive joints were defined from the conserved cysteine 92 (TGT) relative to the J region.
Sister chromatid exchange and micronucleus assays
For SCE examination, splenocytes were isolated from PARP+/+, +/−, and −/− sibling mice at 4-6 months of age and stimulated to proliferate with ConA. Cells were cultivated and metaphase spreads were prepared as described basically by Gustashaw (1991) and Sharma and Sharma (1994) . Briefly, cells were cultivated at 2 × 10 6 cells/ml in minimum essential medium containing 15% FCS and 1.5 µg/ml of ConA (Sigma, St. Louis, MO). After 24 hr in culture, the cells were treated either with 3 × 10 −8 M MMC for 2 hr in the presence of 10 µM bromodeoxyuridine (BrdU) (Boehringer Mannheim, Germany) or with BrdU alone. After another 69 hr in culture, colcemid was added to a final concentration of 20 ng/ml for 2 hr before harvest and preparation of chromosome spreads. The differentially stained chromatids were then counted for chromatid exchanges under a microscope.
For enumeration of micronuclei, early passage (p2 or p3) primary embryonic fibroblasts of three genotypes from the same litter were used. Cells (1.3 × 10 5 ) were seeded onto gelatincoated glass chamber slides (Nunc, Denmark) in complete DMEM containing 10% FCS on the day before treatment. Treatment consisted of exposure to 3 Gy ␥-ray or exposure for 2 hr at 37°C to 3 × 10 −7 M MMC. After treatment, cultures were continued for 24 hr before washing the slides in PBS and fixing cells for 5 min in 2% paraformaldehyde in PBS, permeabilizing in 0.5% Triton X-100 and 70% ethanol for 10 min. After a final PBS rinse, slides were overlaid with Mowiol (Hoechst, Germany) containing 1 µg/ml of DAPI (Sigma), coverslipped, and viewed with a fluorescence microscope. Duplicate slides were prepared for each cell type/treatment group and 800 cells were counted for each sample. The treatment of cells and screening of micronuclei were carried out by a double-blind approach.
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